spacing comparable to the CMIP5 GCMs. While an increase in resolution overcomes many modeling challenges, coarse resolution is not necessarily the primary driver in the exhibition of errors over South Asia. These results highlight the importance of previously less well known pre-monsoon mechanisms that critically influence the strength of SAM in the GCMs and highlight the importance of land-atmosphere interactions in the development and maintenance of SAM.
Introduction
No other large-scale weather phenomenon can match the mysticism surrounding the summer monsoon in South Asia (hereafter SAM), which wields a spectacular influence on the lives of 1.6 billion people through a periodic display of spatial irregularity in its timing, intensity and duration at inter-annual timescales. The bulk of the annual precipitation (>70 %) in South Asia falls during the monsoon season that stretches from June to September with a climatological peak of area-averaged precipitation in July. Hot and relatively dry surface conditions with temperatures reaching annual maxima grip much of the region just before the start of the monsoon, marking the anxiety associated with waiting for the monsoon precipitation to fall. A normal monsoon brings strong harvests and economic security but an abnormal monsoon results in human distress and economic losses from excessive or insufficient summer precipitation. Monsoonal floods are the most common natural disasters in South Asia and account for over 60 % of the economic losses in recent decades (Bronkhorst 2012) . As the monsoon season unfolds differently each year, the seasonal Abstract Accurate simulation of the South Asian summer monsoon (SAM) is still an unresolved challenge. There has not been a benchmark effort to decipher the origin of undesired yet virtually invariable unsuccessfulness of general circulation models (GCMs) over this region. This study analyzes a large ensemble of CMIP5 GCMs to show that most of the simulation errors in the precipitation distribution and their driving mechanisms are systematic and of similar nature across the GCMs, with biases in meridional differential heating playing a critical role in determining the timing of monsoon onset over land, the magnitude of seasonal precipitation distribution and the trajectories of monsoon depressions. Errors in the pre-monsoon heat low over the lower latitudes and atmospheric latent heating over the slopes of Himalayas and Karakoram Range induce significant errors in the atmospheric circulations and meridional differential heating. Lack of timely precipitation further exacerbates such errors by limiting local moisture recycling and latent heating aloft from convection. Most of the summer monsoon errors and their sources are reproducible in the land-atmosphere configuration of a GCM when it is configured at horizontal grid Electronic supplementary material The online version of this article (doi:10.1007/s00382-016-3337-7) contains supplementary material, which is available to authorized users. advancement of summer precipitation is highly anticipated, starting with the sudden increase in rainfall over the southern tip of India (Kerala) in early June and gradually engulfing South Asia from the Central Highlands and Gangetic Plains to the northwestern ranges of the Himalayas by mid July. With the stakes being high, it is little wonder that South Asia is extremely vulnerable to climate change as a subtle variation in the summer monsoon may have profound consequences for natural and human systems in this region.
Unfortunately, the accurate simulation of spatial and temporal characteristics of SAM and its driving mechanisms is a remarkable challenge as most of the current generation of general circulation models (GCMs) that are part of the 5th phase of the Coupled Model Intercomparison Project (CMIP5) are largely unsuccessful in simulating fundamental aspects of the monsoon in their historical experiments. Sperber et al. (2013) provide a comprehensive comparison between CMIP3 and CMIP5 GCMs and conclude that while there are some improvements from CMIP3 to CMIP5, not a single CMIP5 GCM can reasonably simulate all the aspects of SAM. Many other studies that analyze SAM in CMIP5 GCMs have shown errors in the simulation of monsoon teleconnections (Cherchi et al. 2014; Sperber et al. 2013) , summer convective rainfall (Sabeerali et al. 2014) , summer mean thermodynamical structure (Boos and Hurley 2013) , inter-annual variability and historical trends (Ramesh and Goswami 2014) . While this large body of research has highlighted many aspects of the existing limitations in the current generation of GCMs, a clear identification of the key process(es) that is (are) the root cause of such modeling errors has not been fully established. Moreover, none of the studies thus far has exploited the complete suite of the CMIP5 ensemble, which consists of >50 GCMs. Here we analyze the almost complete suite of CMIP5 GCMs (where data is sufficiently available) to identify the key mechanisms that may be responsible for the modeling errors in simulating SAM (Table 1) . Some of our analyses of monsoon dynamics and onset are complimentary to the suite of analyses that were carried out by Sperber et al. (2013) on relatively fewer CMIP5 GCMs. Additionally, we conduct a new suite of analyses that are focused on the representation of summer monsoon depressions, precipitation moisture sources and apparent heat source (Q1) to unravel other inconsistencies that have not been reported in any previous studies.
Within the context of GCMs' challenges over South Asia, it is also important to recall that South Asian land exhibits one of the strongest surface heterogeneities in the world where surface elevation exponentiates from several meters to several thousand meters in a matter of tens of kilometers. Additionally, within this large region, spanning 5°N to 35°N and 70°E to 95°E, one quarter of the landmass has an elevation of 3000 m or more. On the other hand, most of the CMIP5 GCMs have a horizontal grid spacing coarser than 150 km (~1.4°), which invokes the proposition that the relatively simplistic representation of the surface heterogeneity and associated complex land-atmosphereocean interactions could be one of the common causes of errors in GCMs' simulations over South Asia. However, while CMIP5 consists of a large ensemble of GCMs, for several reasons, we cannot quantitatively substantiate the argument that coarse resolution may be one of the potential causes in the generally low skill of GCMs over South Asia just by analyzing their available data. For instance, CMIP5 GCMs only represent a small range of resolutions and therefore cannot be systematically analyzed to understand the potential relationship between their biases and resolution (almost half of them have horizontal grid spacing of coarser than 2°, and only two (CMCC and MIROC4 h) of them have horizontal grid spacing of finer than 1°). Alternatively, even when most of the CMIP5 GCMs exhibit comparable resolution, they substantially (marginally) differ in their complexity when they are from different (same) modeling groups. Moreover, a few of the GCMs from the same modeling group that have simulations at multiple resolutions (such as MPI-ESM-LR and MPI-ESM-MR, IPSL-CM5A-LR and IPSL-CM5A-MR) do not substantially differ in their horizontal grid spacing at lower and higher resolutions, and potentially exhibit differences in their configurations due to scale dependent tuning and parameterizations. With these inconsistencies across CMIP5 GCMs, the role of horizontal grid spacing in producing common errors across GCMs' simulations cannot be concluded with confidence by simply analyzing their errors with reference to their respective resolutions.
One way to understand the effect of horizontal grid spacing on the simulation of SAM dynamics in a GCM is to perform two experiments that employ the same model parameters and only differ in the size of their horizontal grids. Since GCMs exhibit serious errors in the distribution of SSTs that can significantly affect the seasonal precipitation distribution by inducing errors in the overlying monsoon dynamics (Ashfaq et al. 2011) , this model experiment setup should use prescribed sea surface temperatures (SSTs) over the oceans (atmosphere-land configuration). Moreover, many studies have shown that the SST-forced response in a fully coupled GCM tends to be similar to the SST-forced response in an uncoupled land-atmosphere configuration of the same GCM Chen and Schneider 2014; Colfescu et al. 2013) . Therefore, while it is well established that SAM is a coupled system, which is influenced by land-atmosphereocean interactions (Webster et al. 1998) , the use of low and high resolution atmosphere-land model configurations with similarly prescribed SSTs can potentially allow the isolation of resolution-dependent errors from errors associated with SST biases in coupled climate models. With this rationale in mind, we design a set of decade long experiments where an atmospheric component of a GCM is first configured at a resolution comparable to the average resolution of CMIP5 GCMs (hereafter T85) and then at a resolution four times finer than that of the first (hereafter T341). It is not the first time that an attempt is being made to understand the effect of high resolution climate modeling on the simulation of the South Asian summer monsoon. For instance, Ashfaq et al. (2009) were able to accurately simulate the monsoon onset with the use of a high resolution regional climate model. More recently, Sabin et al. (2013) demonstrated improvements in the monsoon circulation patterns, moist convective processes and the representation of low-pressure systems by zooming in over SAM region in a variable resolution GCM. However, the potential analogy between the errors exhibited by CMIP5 GCMs and the lack of skill using low resolution GCM experiments remains to be investigated. Within the bounds of modeling and analyses limitations that we have described earlier, we combine the analyses of simulations from the full suite of CMIP5 GCMs and a single GCM with low and high resolution configurations. Using this collection of simulations, we (1) investigate common modeling errors and their sources in the CMIP5 ensemble, and their reproducibility in an atmosphere-land configuration of a GCM at T85 resolution (average resolution of CMIP5 GCMs), and (2) understand the potential effects of an increase in horizontal grid spacing on the nature of the common errors found in 1).
Methods

CMIP5 data and climate model experiments
We use 6-hourly 3-dimensional horizontal zonal and meridional winds and specific humidity fields from 18, 6-hourly 850 mb zonal and meridional winds fields from 27, daily precipitation field from 42, monthly precipitation, surface temperature, and meridional and zonal winds fields from 50, monthly surface latent and sensible heat flux fields from 45, snow depth in water equivalent field from 35, monthly 3-dimensional vertical pressure velocity from 16, and daily 3-dimensional zonal and meridional winds, temperature and vertical pressure velocity from 11 CMIP5 GCMs' historical experiments (see Table 1 ) in our analysis. We use the first ensemble member (r1i1p1) from each of the selected GCMs except in a few cases where data was not available for the r1i1p1 ensemble member. The analyses period for the CMIP5 GCMs data covers 1970-1999 from the historical experiment. Unless otherwise stated, for consistency in our analysis, we linearly interpolate all simulated variables to a common grid of 1° horizontal grid spacing. 
pr Precipitation, tas near-surface air temperature, ta air temperature, ua zonal wind, va meridional wind, et evapotranspiration, hfss surface latent heat flux q specific humidity, u-850 zonal wind at 850 mb, v-850 meridional wind at 850 mb, hfss surface sensible heat flux, snw snow depth in water equivalent, wap vertical velocity ✓ Ensemble used is rlilpl X Data not available '-' Data not used Additionally, we generate two GCM realizations using the atmosphere-land component of the Community Climate System Model version-4 (CCSM4) (Gent et al. 2011) . Both realizations use a spectral dynamical core in CCSM4 with 26 levels in the vertical, one at T85 spectral truncation (~1.4°) and one at T341 spectral truncation (~0.35°). Both integrations are initialized using similar spun up land surface and atmospheric conditions from a long climate integration on November 1, 1998 and run continuously through 2009 using identical physical configurations (model tunings, physics time step, etc.) and prescribed SSTs, and their formulations only differ in horizontal grid spacing. We note that both model configurations are energy balanced at the top of the atmosphere.
Observational and reanalysis data
For the CMIP5 GCMs' evaluation from 1970 to 1999, we use the Climate Research Unit (CRU) (Mitchell et al. 2002) , Willmott-Matsuura (WM) (Willmott and Matsuura 2001) and Asian Precipitation-Highly Resolved Observational Data Integration Towards Evaluation (APHRODITE) (Yatagai et al. 2012 ) datasets for monthly precipitation and temperature, the CPC Merged Analysis of Precipitation (CMAP) (Xie et al. 2003 ) data for monsoon onset and the NCEP/ NCAR Reanalysis-I (NCEP R1) (Kistler et al. 2001) for the comparisons of atmospheric variables. We linearly interpolate all the variables to a common grid of 1º horizontal grid spacing in order to be consistent with the GCMs. While we provide the results of more than one observational dataset where available, we present the precipitation and temperature errors in GCMs with respect to the CRU data. For the CCSM4 experiments' evaluation from 1999 to 2009, we use the Tropical Rainfall Measurement Mission (TRMM) (Liu et al. 2012) and APHRODITE datasets for monthly precipitation and temperature, TRMM for monsoon onset and NCEP R1 for the comparisons of atmospheric variables. In this case, we carry out all the analysis at the native grids of simulated and observational/reanalysis datasets.
Analyses
We use several measures of the South Asian summer climate to investigate the nature and sources of errors in the simulation of the current generation of GCMs. With the exception of the monsoon depressions analysis, results are presented as a composite of 30 years in CMIP5 GCMs analyses and as a composite of 11 years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) in T85 and T341 simulations comparisons. The analyses include:
1. Monsoon dynamics: We define monsoon dynamics using two widely adopted monsoon indices; meridional tropospheric temperature gradient (hereafter MTG) and vertical easterly shear of zonal winds (hereafter U-Shear). We calculate MTG as the difference of the climatological mean temperature between the upper tropospheric layers (200-500 mb) at 30°N and 5°N, averaged over the zonal belt between 50°E and 85°E (Li and Yanai 1996) . Our choice of single latitudes rather than the conventional use of larger latitudinal bands (Goswami and Xavier 2005; Xavier et al. 2007) in the north and south is motivated by our understanding that both the location and magnitude of the tropospheric differential heating is important for the onset and maintenance of summer rainfall over South Asia. However, we note that use of a latitudinal band in the north (27°N to 32°N) and the south (5°N to 10°N) rather than single latitudes yields almost identical results (not shown). We calculate U-Shear as the difference of the climatological mean of zonal winds between 200 and 850 mb averaged over 50°E to 90°E and 0°N to 15°N (Webster et al. 1998 ). 2. Annual precipitation and temperature cycles: We calculate the precipitation (temperature) annual cycle as an area-average of daily precipitation (temperature) over the land points between 5°N to 30°N (25°N) and 70°E to 90°E for each calendar month. 3. Summer monsoon onset: We define the climatological monsoon onset at each grid point as the first pentad (5-day mean) in which the climatological mean precipitation exceeds both 5 mm/day and the grid-point climatological January mean (Ashfaq et al. 2009; Wang and LinHo 2002) . Our choice of this monsoon index is motivated by its ability to produce a spatial map of monsoon progression over land. However, we note that monsoon onset identification based on a precipitation threshold may lead to a bogus onset over some regions (such as parts of northwest South Asia) that receive substantial rain during the pre-monsoon season. 4. Monsoon depressions over the Bay of Bengal (BoB):
We apply a feature-tracking algorithm, detailed in Hodges (1995 Hodges ( , 1996 , at 6-hourly intervals to identify the trajectories of 850 mb relative vorticity maxima that exceed 1 × 10 −5 per second during June to September in each calendar year. We identify a low-pressure system as a monsoon depression if it originates between 80°E to 90°E and 10°N to 23°N over the BoB, moves westward or northwestward over land, has a life span of more than 2 days and travels a distance of at least 500 km. For the low-pressure systems originating over land, only those that pass through BoB during their life span are considered. It should be noted that while our algorithm to separate monsoon depressions from low-pressure systems over South Asia differs from conventional methods (such as wind speed threshold of 17-33 knots and pressure difference of 5-13 hPa between the center of the system and at a distance of 250 km defined by Sikka (1977) and Mooley and Shukla (1987) ), this method yields depression frequencies (five or more per year on average) in NCEP R1 similar to those obtained by Cohen and Boos (2014) in ERA Reanalysis. Therefore, we expect our results to be independent of the choice of method for the identification of monsoon depressions. 5. Moisture back-trajectories: We use a modified version of the Lagrangian moisture tracking method, developed by Dominguez et al. (2006) , to determine the moisture sources that contribute to the moisture supply over South Asia during summer season. The details of this method are described in Mei et al. (2015) . In brief, the variables used in the analysis of precipitation sources include daily precipitation and evaporation, and 6-hourly 3-dimensional horizontal winds and specific humidity. Following Mei et al. (2015) , we define four exclusive but complementary moisture sources for monsoon precipitation: local-land grids between 5°N-30°N and 70°E-90°E, the Arabian Sea (AS)-ocean grids between 5°N-30°N and 45°E-80°E, the BoB-ocean grids between 5°N-30°N and 80°E-100°E, and remote-the rest of the globe (inferable based on the first three sources). The selection of these regions is based on the general understanding of the local and regional influences on the South Asian summer precipitation variability at intra-seasonal to seasonal timescales. In order to account for the contribution of these four sources, we track the moisture over an evaporative moisture source domain between 30°S-45°N and 0°E-150°E, which can explain more than 90 % of summer monsoon precipitation. We note that Mei et al. (2015) did not find substantial differences in the characteristics of moisture sources when this algorithm was applied using other reanalysis datasets. 6. Apparent heat source (Q1): We calculate apparent heat source using the method described in Yanai et al. (1973) for the 500-200 mb atmospheric layer that corresponds to the middle to upper troposphere used in the calculation of MTG. The calculation of Q1 is performed at a daily time-scale using 3-dimensional pressure level meridional and zonal winds, vertical pressure velocity and temperature. For this analysis, most of the daily GCMs data for required variables is only available at eight vertical pressure levels. Therefore, for consistency in our comparisons, we vertically interpolate GCMs pressure levels to the NCEP R1 pressure levels.
Results and discussion
Characterization of monsoon dynamics, precipitation and temperature
Most of the current generation of GCMs is unable to simulate the mean, intra-seasonal variability, and spatial distribution of summer monsoon precipitation and surface temperatures with reasonable accuracy. For instance, out of the 50 analyzed CMIP5 GCMs (Table 1) , only 16 (20) simulate annual precipitation (temperature) maxima in July (May) and area-averaged summer precipitation (temperature) mean to within 25 % (2 °C) of the observed mean (Table 2 ; Fig. 1a , b). It should be noted that we use 25 % bias for precipitation and 2 °C bias for temperatures as thresholds to identify and compare relatively better performing GCMs and relatively poorly performing GCMs. Similarly, more than half of the 42 analyzed GCMs (that had daily data available at the time of analysis (Table 1) ) are unable to simulate the monsoon onset timing to within at least 2 pentads (10 days) of the observed onset timing over most (>60 %) of the South Asian landmass (Table 2 ; Fig. 1d ). It is important to highlight that, in the CMIP5 ensemble, there are more GCMs with lower-than-normal precipitation, delayed monsoon onset over land and hotter-than-normal surface conditions and less GCMs with higher-than-normal precipitation, earlier monsoon onset over land and coolerthan-normal surface conditions. In fact, the association of hotter temperatures with drier conditions is manifested in the statistically significant (at 99 % confidence level, 2-sided t test) correlation (0.71) between the temperature bias and precipitation bias in CMIP5 GCMs where models with drier-than-observed summer precipitation tend to exhibit hotter-than-observed surface temperatures and vice versa (Fig. 1e) . Similarly, in the CMIP5 GCMs ensemble, the late arrival of summer precipitation means less total precipitation during the summer months as the seasonal precipitation amount significantly (at 99 % confidence level) correlates (0.77) with the accuracy of the monsoon onset over land (Fig. 1f) . The CMIP5 GCMs' errors in characterizing summer monsoon precipitation and temperature in South Asia are generally reproduced in our low resolution atmosphereland model configuration. For instance, the minimum and maximum of the annual precipitation cycle in T85 are Table 2 Performance of the CMIP5 GCMs over South Asia during summer monsoon GCMs approximate grid resolution in degrees (Column 1). % bias in the precipitation (Column 2). % land grids with precipitation bias within ± 25 % (Column 3). Absolute bias in surface temperatures (Column 4). % land grids with temperature bias within ± 2 °C (Column 5). Area averages and/or number of grids are based on land grids between 5°N-30°N and 70°E-90°E (Column 6). Absolute bias in summer MTG (°C) (Column 7). Absolute bias in summer U-Shear (m/s) (Column 8). % of the total grid points that have onset within 2 pentads (10 days) of the observed onset in CMAP. Total grids are based on the number of land grids where CMAP has an onset of summer monsoon. Precipitation and temperature biases are based on the differences from CRU observations. MTG and U-Shear biases are based on the differences from NCEP R1. All calculations are based on 1970-1999 after each dataset is interpolated to a common grid of 1º. Number in parenthesis represents timing of the seasonal peak in column 3 and 5, error in 200-500 mb averaged temperatures at 5°N in column 7, and bias in zonal winds at 200 mb in column 8. Values are red when timing of the annual maxima is not right. Blue MTG values represent the GCMs that have been used in depression analysis. Values are bold in each column when timing is right and bias is <25 % for P, <2 ºC for T, <1 ºC for MTG and <5 m/s for U-Shear. Values are bold in the last column when onset timing is correct over >60 % of the land grid points. Red and blue GCMs names represent relatively poorly performing and relatively better performing GCMs used for further analysis. GCMs names are italic if used in apparent heat source (Q1) analysis comparable to the observations in magnitude but exhibit serious biases in their timings. More specifically, the summer monsoon onset phase (June-July) is approximately 45 % drier than the observations with precipitation stretching into October where the monthly amount is at least twice that of the observations (Fig. 2a) . Drier conditions during the onset phase are also reflected in the delayed monsoon arrival in T85 where most of South Asia does not receive monsoon rainfall until mid July (Fig. 2d, e) , leading to the warmer-than-normal surface temperatures throughout the summer season (Fig. 2b) . The increase in horizontal grid spacing in the T341 configuration brings a number of improvements to the errors exhibited by T85. For instance, T341 is ~75 % wetter than T85 in the monsoon onset phase and 68 % drier than T85 in October (Fig. 2a) . Similarly, T341 improves the timing of monsoon . e Errors in the areaaveraged summer precipitation over land versus absolute bias in the area-averaged summer surface temperatures over land and f % of the total land grids where monsoon onsets within two pentads (10 days) of the observed onset in CMAP. Area averages of temperature and precipitation are based on the land points between 5°N to 30°N and 70°E to 90°E arrival by at least two pentads (10 days) over most of the South Asian landmass (Fig. 2d, f) and reduces the bias in surface temperatures by more than a degree Celsius throughout the summer season (Fig. 2b) . However, the increase in resolution does not correct the timing of the annual precipitation peak.
Apparently, errors in the monsoon onset, seasonal mean precipitation, and temperature can be related to the underlying errors in summer monsoon dynamics. MTG, which arises due to the differential heating between the north (Himalayas, Tibetan Plateau and South Asian landmass) and south (Indian Ocean and AS), remains below zero throughout the year except during the summer months when the land is much warmer than the ocean (Fig. 1c,  dashed line) . The transition from negative to positive, or the reversal, of MTG takes place around the start of June and coincides with the earliest monsoon onset over the land. Similarly, a westerly jet in the lower-troposphere (~850 mb) and an easterly jet in the upper-troposphere (~200 mb) drive U-Shear during the summer monsoon season. Both MTG and U-Shear determine the intra-seasonal movement of the inter-tropical convergence zone (ITCZ) over the South Asian land (Li and Pan 2006) , which migrates northward during the summer through several shifts on the intra-seasonal time scale (Sikka and Gadgil 1980) . Most of the CMIP5 GCMs are unable to simulate the strength of SAM dynamics ( Fig. 1c; Table 2 ), as reflected by the lower MTG and U-Shear biases (in most cases), and therefore underestimate the magnitude of precipitation during summer months (Fig. 1a) . We investigate such interplay between precipitation and monsoon dynamical indices across the CMIP5 GCMs and find that the strengths of MTG and U-Shear in the summer significantly affect the magnitude of monsoon precipitation, with correlations of 0.42 between MTG and precipitation biases, and 0.53 between U-Shear and precipitation biases (Fig. 3a, b) . The relationship between MTG and U-Shear is also manifested in statistically significant correlations (0.68) between the errors in their seasonal magnitudes in CMIP5 GCMs (Fig. 3c) . We find all three correlations to be statistically significant at the 99 % confidence level. It should be noted that correlations between MTG and monsoon precipitation, U-Shear and monsoon precipitation, and MTG and U-Shear increase to 0.53, 0.58 and 0.71 respectively when we remove two Hadley Center models (HadGEM2-ES and HadGEM2-CC) that are exceptionally different from the rest of the ensemble in terms of their MTG errors. In the CMIP5 GCMs, the errors in the simulation of monsoon dynamical forcings also have an influence on the spatial distribution of precipitation and temperature. For instance, if we consider a measure of spatial bias in precipitation (temperature) as the number of land grids that exhibit relatively lower bias, defined as less than 25 % (±2 °C), in seasonal precipitation (temperature) mean, we find a statistically significant correlation of 0.49 (0.58) between the spatial precipitation (temperature) bias and the seasonal bias in MTG across the CMIP5 GCMs (Fig. 3d, e) . A similar analysis with the seasonal bias of U-Shear also yields statistically significant correlations of 0.46 and 0.58 with temperature and precipitation, respectively (Fig. 3f, g ). Again, the correlation between MTG and precipitation distribution increase further (0.61) when we remove two Hadley Center models (HadGEM2-ES and HadGEM2-CC).
The CMIP5 GCMs' errors in characterizing summer monsoon dynamics and their relationship to the simulation errors in the summer monsoon precipitation and temperatures are generally reproduced in our low resolution atmosphere-land model configuration. For instance, a late reversal of MTG and its weaker-than-normal magnitude, as well as a late strengthening of U-Shear in T85 match very well with the corresponding errors in the seasonal precipitation distribution especially during the monsoon onset phase. Similarly, a late weakening of MTG and U-Shear in T85 that stretches well into post-monsoon season months is followed by a similar behavior in precipitation response (Fig. 2a, c) . On the other hand, a timely reversal of MTG of accurate magnitude, and a relatively better U-Shear in T341 drive the improvements in the precipitation distribution and the timing of monsoon arrival during the monsoon onset phase. However, the T341 configuration does not exhibit substantial differences from T85 during the later half of the monsoon season (Fig. 2a, c) . Further, the linkages between the spatial distribution of precipitation distribution and the monsoon dynamics are substantiated in our T85 experiment that exhibits errors in the positioning of the ITCZ over the South Asian land during summer months. The ITCZ, commonly recognized as the zero-wind line over South Asia, is 60E  70E  80E  90E  100E  60E  70E  80E  90E 100E  60E  70E  80E  90E 100E   60E 70E  80E  90E  100E  60E 70E  80E  90E  100E  60E 70E  80E  90E situated at around 20°N in T85, several degrees lower than that of the observations ( Fig. 4a, b ; white dashed line). This weaker-than-normal northward movement of the ITCZ in T85 not only weakens the northerly branch of SAM that extends from the BoB to the northwestern Himalayas but also keeps bands of strong precipitation south of 20°N. Additionally, the lower-level westerly jet (850mb) is not only stronger than NCEP R1 but also too zonal, causing most of the moisture to be transported towards Southeast Asia and away from South Asia. Since the meridional tropospheric thermal contrast drives the intra-seasonal northward movements of the ITCZ, lower-than-normal MTG and errors in the lower-level westerly jet in T85 restrict moisture transport to the north-northwest parts of South Asia. On the other hand, a comparable MTG throughout most of the summer season in T341 helps to accurately simulate the northward movement of ITCZ and the associated strong bands of precipitation over the South Asian landmass (Fig. 4a, c) .
Characterization of monsoon depressions and moisture sources
Monsoon depressions-an important source of summer precipitation over South Asia-are low-pressure systems that mostly originate over BoB, travel along the monsoon trough and transport moisture over the inland regions during the summer season. Most of the depressions follow a west-northwest direction, reaching above 20°N, and account for >40 % of the summer precipitation (Yoon and Chen 2005) (Fig. 4d) . On average, the South Asian region experiences five or more monsoon depressions in a given year (Cohen and Boos 2014) and some of them lead to extreme precipitation events (e.g., Uttrakhand (Singh et al. 2014) . Given their importance in the seasonal precipitation distribution over South Asia, development of monsoon depressions and their march over the South Asian landmass is a key phenomenon that requires reasonable representation in the GCM simulations. Yet, based on our analysis, out of the 27 analyzed GCMs (that had 6-hourly 850mb meridional and zonal wind data available at the time of analysis, Table 1) , not a single GCM in CMIP5 is able to produce BoB monsoon depressions as frequently as observed (not shown). More importantly, the majority of GCMs exhibit monsoon depressions trajectories that are much further south than those observed. Since monsoon depressions normally travel along the monsoon trough, this means that a bias exists in the positioning of the monsoon trough in the CMIP5 GCMs. Alternatively, a weaker northward ITCZ migration over the South Asian landmass due to weaker monsoon dynamics, as seen in T85 configuration, could also keep monsoon depressions from traveling north of 20°N. Indeed, our analysis of CMIP5 GCMs shows a statistically significant correlation (0.67) between the seasonal MTG bias and the number of monsoon depressions that travel north of 20°N in CMIP5 GCMs (Fig. 3h) . Similarly, monsoon depressions in T85 follow westward trajectories that generally stay south of 20°N (Fig. 4e) . On the other hand, monsoon depressions trajectories in the T341 configuration closely resemble the observed trajectories in NCEP R1. The improvement in the paths followed by the monsoon depressions in T341 can be attributed to the better simulation of monsoon dynamics (Fig. 2c, f) . However, we note that the increase in resolution has no effect on the frequency of monsoon depressions in T341. Both T341 and T85 simulate monsoon depressions at a frequency lower than that in NCEP R1. Further, it should be noted that while the majority of the monsoon depressions originate over the BoB, moisture within those depressions mostly comes from regions other than the BoB (Mei et al. 2015) . The general characteristics of the moisture sources at seasonal and intra-seasonal scales that contribute towards summer precipitation over the South Asian landmass have been detailed in Mei et al. (2015) . In brief, most of the moisture during summer months comes from remote sources (see Methods) mainly from the Southern Indian Ocean followed, in order, by local recycling, the AS and the BoB ( Fig. 5a; Table 3 ). Relative moisture contribution from these moisture sources varies at the intra-seasonal timescales, with remote, local recycling, and the AS dominating during the onset phase, and local recycling and remote dominating during the rest of the season (Fig. 5d) . Therefore, in order for a GCM to be accurate and reliable, it must also demonstrate the accuracy in the simulation of precipitation moisture sources and their relative contributions towards summer precipitation over South Asia at seasonal to intra-seasonal timescales. Based on our analysis, out of the 18 analyzed GCMs (that had subdaily atmospheric fields available at the time of analysis, Table 1 ), at least 50 % overestimate the contribution from remote sources and the BoB and underestimate contributions from local recycling and the AS (Table 3) . Sabreeali et al. (2014) found in their analysis that most of the CMIP5 GCMs have an overly strong relationship between precipitable water and precipitation over South Asia, which may partly explain excessive contribution from remote moisture sources. Similarly, a weaker-than normal contribution from the AS may be attributed to the cold bias of SSTs in most of the CMIP5 GCMs over the northern Arabian Sea (Sandeep and Ajayamohan 2014). On the other hand, weakerthan-normal contribution from local recycling is potentially driven by the errors in the spatial distribution of precipitation. Local recycling is strongest over the north and west (Mei et al. 2015) , a region that lies in a transitional regime between a drier climate to its west and northwest and a wet and humid climate to its southeast (Dirmeyer 2011; Halder et al. 2015) . Therefore, the lack of northwestward progress of monsoon rain in the majority of the CMIP5 GCMs limits the amount of moisture that will be recycled over land through evapotranspiration. Some of the differences found in the seasonal and intra-seasonal variations of moisture contributions between NCEP R1 and CMIP5 GCMs have been replicated in our low resolution model simulation (Fig. 5d, e) . Specifically, while moisture contributions from the AS and local are substantially weaker than those in NCEP R1 (Fig. 5a, b) , the BoB moisture contribution is overly strong throughout the summer months (Fig. 5d, e) . More importantly, very little moisture is available from any source for the summer precipitation over the South Asian land during June (Fig. 5d, e) , which explains the delayed monsoon onset (Fig. 2d, e) and substantial dry bias during the early summer season in T85 (Fig. 2a) . The delayed onset should lead to drier soils and less local precipitation recycling, which intensifies the delay in onset over land through a negative feedback to the meridional differential heating gradient in the troposphere. These mechanisms are explained in more detail in the next sub-section. Interestingly, our high resolution model simulation exhibits substantial improvements both spatially and temporally in the representation of moisture sources. For instance, T341 improves the contribution from the BoB, the AS and the Indian Ocean (Fig. 5a, c) . Similarly, the seasonal variations in the contribution of the AS, the BoB and local recycling are also well captured in T341 (Fig. 5d, f) . Improvements during the monsoon onset phase are particularly significant compared to those of T85, which explain the overall skill of T341 in the simulation of monsoon onset phase and early seasonal monsoon precipitation (Fig. 2a, f) . As previously noted, stronger monsoon dynamics in T341 improves the timing of monsoon onset over land and overall precipitation distribution, which in turn helps to correct the magnitude of local recycling over South Asian land. However, we also note that the overly strong moisture bias from remote evaporative sources during the later half of the monsoon, which persists in T341 as well, should evoke relatively comparable skill in both model simulations during this part of the summer season. A stronger contribution from remote evaporative sources in both configurations is due partly to their wet precipitation biases over east Africa and East Asia. Both of these regions are included in the domain used for the calculation of contribution from remote sources.
Sources of errors
Considering the chronological order, the reversal and strengthening of meridional differential heating in the atmosphere is the key element that sets the stage for the development of monsoonal shear and precipitation onset over the South Asian land. Since the reversal of the temperature gradient occurs at the beginning of the summer monsoon season, pre-monsoon land-atmosphere conditions can influence the strength and timing of this key phenomenon given that South Asia is one of the hot spots for landatmosphere coupling (e.g. Dirmeyer 2011; Halder et al. 2015; Koster et al. 2004) . Historically, the role of pre-monsoon conditions in determining the strength of monsoon has remained a topic of debate in several studies. Many studies have linked abnormal spring season snow over Eurasia, the Tibetan Plateau and Himalayas to a weak or delayed monsoon season as excessive snow (particularly fresh snow) on the ground restricts the amount of solar radiation reaching the surface and affects the rate of differential heating in the atmosphere (e.g., Bamzai and Shukla 1999; Dey and Kumar 1983; Immerzeel and Bierkens 2010; Kripalani et al. 2003) . More recently, Bollasina and Ming (2013) showed, using GCM experiments, that a mature monsoon phase could be produced with perpetual May SST forcing and insolation, which further highlights the potential influence of pre-monsoon conditions on the development of the summer monsoon over South Asia. Nonetheless, in the case of CMIP5 GCMs, because almost every model exhibits a bias towards the late reversal and below normal magnitude of the summer MTG over South Asia, the role of simulation errors of pre-monsoon land-atmospheric processes in determining the strength of summer monsoon can only be considered important if the nature of those errors and their connection with summer monsoon dynamics is robust across the models. Observational and reanalysis data suggest that most of the pre-monsoon precipitation takes place along the northern stretch of South Asia over the slopes of Himalayas and Karakoram Range (HKR) within the elevation band of 500-3500 m, which gives rise to the local maxima of surface latent heat flux (LHF) over that region (Fig. 6) . We confirm the robustness of this spatial pattern of precipitation using two observational datasets. Given the extreme heterogeneity in surface elevation, the location of premonsoon precipitation is critical as it affects the amount of snow on the ground, the rate of spring season snow melt and the magnitude of incoming solar radiation absorbed at the surface. Similar information can be inferred from the annual cycles of sensible heat flux (SHF) and LHF at different zonally averaged latitudinal bands over South Asia (Fig. 7) . Because of a lack of precipitation, sensible heating driven pre-monsoon heat low develops over the lower latitudes (20°N-25°N) that peaks in May, while the latitudinal bands of 30°N-35°N corresponding to the slopes of HKR exhibit stronger surface LHF throughout the annual cycle (Fig. 7a) . In principle, apparent heat source (Q1) analysis can provide a more accurate description of diabatic heating during the pre-monsoon and summer seasons. Since the majority of GCMs that are used in this study do not archive high frequency atmospheric variables required for Q1 calculation, we use surface LHF as a proxy for the atmospheric latent heating, which is one of the major sources for diabatic heating. Our use of surface LHF is motivated by the fact that the annual cycle of surface LHF in NCEP R1 at each zonally averaged latitudinal band shows reasonable, though slightly lagged, consistency with the corresponding annual cycle of tropospheric Q1 (Fig. 7a, b) . At the seasonal time-scale, we expect that the small lag in surface LHF has minimal impact on our analysis. Here we would like to point to the fact that there exists a substantial difference among various reanalysis datasets in the spatial distribution and magnitude of pre-monsoon surface energy fluxes over the Himalayas and surrounding areas ( Figure  S1 ). We use NCEP R1 because of the relatively better spatial correspondence between the LHF and the observed precipitation, and also to keep consistency and comparability across all the analyses. (Fig. 8c-e) . We multiply the vertical pressure velocity by −1 so that positive values represent an upward motion. It should be noted that adiabatic subsidence is known as one of the mechanisms that play a critical role in the initiation of tropospheric warming over South Asia . Bias is based on the differences from NCEP R1 (Tamura et al. 2010) , which is potentially supported by the circulation associated with the precipitation along the slopes of HKR. Over the lower latitudes, surface warming through sensible heating starts in March (Fig. 8k) and reaches its maxima in May (Fig. 8m) , which can be identified by the near surface temperature anomaly with respect to the annual mean and the shallow vertical motion in the lower troposphere. Combined, pre-monsoon atmospheric latent heating along the slopes of HKR and surface sensible heating over the South Asian landmass help transition the region into a strong convective zone. Gradual strengthening of MTG that is initiated by the pre-monsoon adiabatic subsidence and atmospheric latent heating along the northern stretch of South Asia reaches its maxima in July (Fig. 1c) . Further strengthening of MTG during the monsoon season is a result of atmospheric latent heating due to convection over South Asia (Fig. 8f-h , n-p), and sensible heating over the Tibetan Plateau, which exhibits maximum departure from the annual mean temperatures in July-August when it is relatively dry (Fig. 8o-p) . Unfortunately, most of the CMIP5 GCMs exhibit critical errors in the distribution of pre-monsoon precipitation as most of it takes place over relatively higher elevations north of the 3500-m elevation band (Fig. 9) , where spring temperatures remain substantially below freezing (Kapnick et al. 2014) . Undoubtedly, most of the precipitation falls as solid precipitation, leading to excessive pre-monsoon snow on the ground that does not melt before the summer months (Fig. 10) . These errors in the distribution of precipitation lead to the biases in pre-monsoon latent heating along the slopes of Himalayas and associated atmospheric circulation, which subsequently impact the timing and magnitude of MTG. Most CMIP5 models simulate lowerthan-normal magnitudes of surface LHF (used as a proxy for atmospheric latent heating) along the slopes of Himalayas, when compared with NCEP R1 (Fig. 11) . The bias in the pre-monsoon LHF over the northern stretch of predominantly high-elevation zone of South Asia (70°E-90°E, 25°N-35°N) is significantly correlated (at a 99 % confidence level) to the strength of the summer MTG in CMIP5 GCMs (Fig. 12) . It should also be noted that while the majority of the CMIP5 models exhibit warmer-than-normal surface temperature bias during the monsoon season, the opposite is true during the pre-monsoon season (Fig. 1b) . Such surface temperatures that are below (above) normal during pre-monsoon (monsoon) months impact the magnitude of surface warming through weaker (stronger) sensible heating (Fig. 7b) .
In order to further investigate the role of pre-monsoon energy fluxes, we compare composites of eight relatively well performing models with eight relatively poorly performing models from the CMIP5 ensemble. The choice of well and poorly performing models is constrained by both their data availability for all the analyses and their consistency across different measures of monsoon characteristics. GCMs that have data available (Table 1) for the analysis of all characteristics of South Asian monsoon (summarized in Table 2 ) and exhibit relatively good skill in almost all aspects are considered relatively well performing models, and include bcc-csm1-1-m, MPI-ESM-LR, CMCC-CESM, GFDL-ESM2M, NorESM1-M, BNU-ESM, CCSM4, CESM1-CAM5, and MIROC-ESM-CHEM. Similarly, GCMs that have data available (Table 1) for the analysis of all the characteristics of the South Asian monsoon (summarized in Table 2 ) and exhibit relatively poor skill in almost all aspects are considered relatively poorly performing models, and include IPSL-CM5B-LR, MRI-CGCM3, MRI-ESM1, CSIROMk3-6-0, GISS-E2-R, GISS-E2-H, HadGEM2-ES, and IPSL-CM5A-MR. We note that the composite of well performing models shows the timing of surface warming over the lower latitudes in March with the maxima in May (Fig. 13k-m) . Similarly, these models simulate the characteristic pre-monsoon circulation along the slopes of Himalayas, identified as positive vertical pressure velocity values and vertical motion, and exhibit a transition to a deep convective zone in June with precipitation reaching well north of 20° N during the summer season (Fig. 13) . On the other hand, poorly performing models exhibit a delay in the surface warming over the lower elevations regions as surface temperatures remain below annual average in March and surface warming maxima are reached in June (Fig. 14k-n) , 1 month after the observed maxima (Fig. 8) . Similarly, there are substantial biases in the distribution of precipitation along the slopes of Himalayas (Fig. 9) , which significantly alter the associated atmospheric circulation (Fig. 14) , resulting in errors in its feedback to the adiabatic subsidence. Collectively, errors in the pre-monsoon atmospheric latent heating and surface sensible heating delay the transition of the whole region into an active convective zone (Fig. 14) , which is reflected in the delayed monsoon (Table 2) . Since further strengthening of MTG during the monsoon season is driven by the atmospheric latent heating due to monsoonal rain and sensible heating over the Plateau (Fig. 8) , the delay in the monsoon onset further exacerbates the biases in the MTG and limits the north-northwestward progress of precipitation over (Fig. 10, 5th row) , and substantially lower-than-normal pre-monsoon surface LHF and summer MTG (Table 2) . On the other hand, three Hadley Center GCMs (HadGEM2-AO, HadGEM2-CC and HadGEM2-ES) are the only few that simulate stronger-than-observed summer MTG (Table 2 ). All three of these models exhibit overly strong precipitation distributed over the 500 to 3500-m elevation band (Fig. 9, 6th row) , which leads to low pre-monsoon snow (Fig. 10, 6th row) , and substantially stronger-than-normal pre-monsoon surface LHF (Fig. 11, 6th row) , and summer MTG. It should be noted that even with the stronger-than-normal summer MTG, these three Hadley Center GCMs exhibit substantial dry biases in the simulation of summer monsoon precipitation (Table 2 ). This below normal summer monsoon precipitation is partly due to the fact that the overly strong summer MTG pushes the trajectories of the monsoon depressions much further north than the observed, limiting the amount of moisture passing though Central India (Fig. 16a, b) . The converse is true for NASA's GCMs where below normal MTG limits the north-northwestward movement of monsoon depressions, inhibiting their trajectory beyond 20°N (Fig. 16c, d ). Table 2 ; a, c) and relatively better performing GCMs composite consists of seven models (italic blue in Table 2 ;
performing models had data available for Q1 analysis, therefore, a one-to-one comparison with composites in Figs. 13 and 14 is not possible. Nonetheless, Q1 errors are high (low) in relatively poorly (better) performing GCMs along the slopes of HKR during pre-monsoon season that understandably lead to weak (reasonable) monsoon dynamics and precipitation. Similarly, Q1 exhibits high (low) errors over South Asia during the summer season (Fig. 15) . The presence of excessive snow affects diabatic heating rates by lowering surface temperatures and surface energy fluxes (Cohen and Rind 1991) , which can be seen in the below normal magnitudes of Q1 during pre-monsoon and tropospheric warming over the northern stretch of South Asia in June (Figs. 8n, 14n, 15a) . In order to further explain impacts of excessive snow on the simulation of summer monsoon in CMIP5 GCMs, we compare results from two extreme groups of CMIP5 models. All four NASA's GCMs (GISS-E2-H-CC, GISS-E2-H, GISS-E2-R and GISS-E2-R-CC) distribute much of the premonsoon precipitation over the relatively higher-elevation zone north of the 3500-m elevation band (Fig. 9, 5th row) , which leads to an excessive amount of snow during the In a few cases, compensating biases mute the impact of excessive snow and resulting bias in tropospheric warming in the north of South Asia. For instance, Meteo France GCMs (CNRM-CM-2, CNRM-CM5) exhibit relatively smaller MTG bias (Table 2) even with erroneously high pre-monsoon snow on the ground (Fig. 9, 3rd row) , which does not melt through the summer months (not shown), and substantially weak surface LHF (Fig. 11, 3rd row) . This disconnect is due to the fact that tropospheric temperatures over the ocean south of the South Asian land in the Meteo France models are one of the coldest among all CMIP5 GCMs (Table 2) , which mute the effect of the substantially lower rates of warming in the north and keep the meridional temperature differences between the north and south comparable to those of the observed. Even though the origin of the reasonable summer MTG is erroneous, both Meteo France models are not among the least skillful GCMs ( Table 2 ), indicating that it is perhaps the magnitude and not the origin of the MTG that influences the skillfulness of the CMIP5 GCMs over South Asia (De et al. 2016 ).
Is resolution a factor?
Given that we have recreated most of the modeling errors of CMIP5 GCMs in the simulation of SAM in the CCSM4 T85 configuration and that we are able to reduce most of those biases in the T341 configuration, it may be safe to assume that our analyses so far provide necessary but insufficient evidence that an increase in resolution may have a role in the improvement of modeling skills over South Asia. However, to sufficiently establish the need for high resolution in improving the existing limitations of the current generation of GCMs, we must demonstrate that summer MTG bias in T85 is connected to the pre-monsoon errors of a similar nature and that improvements in T341 summer MTG are due to the better representation of the pre-monsoon surface hydrology over the complex South Asian terrain along the northern stretch as well as over the rest of the low elevation South Asian landmass. In terms of pre-monsoon precipitation distribution along the slopes of HKR, both T85 and T341configu-rations exhibit errors of similar nature where most of the spring precipitation is distributed on the north side of the 3500-m elevation bands, leading to excessive snow and lower magnitudes of surface LHF (Fig. 17) , as was the case in the majority of CMIP5 GCMs (Figs. 9, 10) . Evidently, the increase in resolution does not help to improve this aspect of the climate over South Asia. These errors in precipitation distribution are reflected in the errors in the Monsoon Depressions pre-monsoon circulation over the northern stretch of South Asia in both configurations (Figs. 18, 19) . Similarly, the presence of excessive snow delays the warming of the Plateau during summer months (Figs. 18, 19) , which is perhaps why MTG and precipitation peak in August in both T85 and T341 (Fig. 2c) , 1 month after the observed timing of their peak (Fig. 1c) . However, T341 does exhibit relatively weak anomalous subsidence (Fig. 19f ) that is present in both poorly performing CMIP5 GCMs and T85 in June (Figs. 14f, 18f) . Reduction of the bias in atmospheric circulation in T341 helps to reduce errors in the monsoon onset over land. There are two main factors that contribute to the reduction of this bias. First, sensible heating driven surface warming is more accurately represented in T341 than in T85 with stronger magnitudes in March to . Second, T341 exhibits a slightly colder tropospheric temperature bias over 5°N (~−0.5 °C) in contrast to the strong warm bias (~1.5 °C) in T85 (not shown). Some of these differences in the tropospheric temperatures over the south of South Asia stem from the fact that in T85 most of the summer precipitation is limited to the southern half of South Asia (Figs. 4, 18) , which anomalously warms the troposphere around 5°N by latent heat release through convection. Beyond their differences in the amount of convection, it is unclear what other factors may drive the cold bias in the tropospheric temperature over 5°N in T341 and its further investigation is beyond the scope of this study. Nonetheless, better skill in the T341 configuration is in part due to the marginal improvement in pre-monsoon surface fluxes and a relatively cold tropospheric temperature over south of South Asia that help to strengthen the north-to-south differential heating gradient in the troposphere and improve the northward progress of monsoon precipitation over land.
It should also be noted that 5 out of 50 CMIP5 GCMs simulate a positive bias in summer MTG (Table 2) , due mainly to the magnitude and location of their pre-monsoon precipitation over the northern stretch of South Asia (Fig. 9) . However, none of these models have grid spacing finer than T85, meaning that an increase in resolution may not be necessary to overcome the errors in the simulation of premonsoon surface hydrology over the northern stretch of South Asia. We also note that only one of the five models (ACCESS1-0) exhibit summer precipitation bias less than 25 %. Similarly, only one of the five models (HadGEM2-AO) exhibits timing of the monsoon onset within +10 days 40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N   0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N   0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N   0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N Fig. 18 Same as in Fig. 8 but for T85 of the observed onset over >60 % of the grids. These comparisons suggest that while errors in summer MTG and its connections with pre-monsoon land-atmosphere processes and summer monsoon precipitation stand out as the most common phenomenon across CMIP5 GCMs, there may be additional biases at intra-seasonal timescales that affect the magnitude and timing of key summer monsoon features in the individual GCMs. 40N  30N  10N  0  2 0N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N   0  20N  40N  30N  10N  0  2 0N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N   0  2 0N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N   0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N  10N  0  20N  40N  30N physical processes across the CMIP5 GCMs ensemble, most of the models converge towards errors of a similar nature with respect to SAM dynamics that are significantly linked with the spatial and temporal characteristics of summer monsoon precipitation. Further, we show that such biases in the summer monsoon are initiated by the errors in the simulation of pre-monsoon land-atmosphere processes over the South Asian landmass and exacerbated by the errors in the monsoon dynamics and moisture sources at intra-seasonal timescales. Negative biases in pre-monsoon sensible heat driven surface warming over South Asian mainland and atmospheric latent heat driven tropospheric warming over the northern stretch of South Asia delay the transition of the whole region into an active convective zone by delaying the development of a meridional differential heating gradient. Weaker monsoon dynamics limits monsoon progress over land, leading to drier soils and weaker local precipitation recycling, which in turn further intensifies the errors in monsoon onset and meridional differential heating. It should be noted that in the absence of atmospheric latent heat release due to convective processes, sensible heating over the lower elevations could not transport heat to the upper troposphere to strengthen the meridional differential heating gradient. Therefore, GCMs with lower monsoon precipitation rates over South Asian land exhibit warmer biases in surface temperatures and weaker magnitudes of MTG. In other words, the surface warm biases during summer months are a result of the delayed monsoon onset and the associated dry biases. Moreover, we demonstrate that most of the dynamical and precipitation errors can be replicated in a land-atmosphere configuration of a GCM when it is driven at a resolution comparable to that of CMIP5 GCMs. Without negating the fact that SAM is a coupled land-ocean-atmosphere system, reproduction of ocean-coupled GCMs errors in a land-atmosphere GCM configuration is indicative of the fact that the land-atmosphere exchange of energy and water exerts critical controls on the simulation of summer monsoon in the GCMs. Furthermore, we demonstrate that an increase in horizontal grid spacing improves a number of key features of SAM, including the strength of monsoon dynamics, moisture contribution at intra-seasonal timescales from various evaporative sources, monsoon onset phase and monsoon depression trajectories. However, these improvements in the high resolution integration are partly due to the exhibition of colder tropospheric temperature over the south of South Asia that ironically helps maintain a stronger meridional tropospheric temperature gradient-a key mechanism for the onset and maintenance of monsoon over South Asia. These results indicate that improvements in the representation of land-atmosphere processes may be a key step towards improving the representation of the South Asian summer monsoon in GCMs and hence the reliability of climate impact assessments in the region. To this end, the variability in spatial patterns and magnitudes of surface energy fluxes and precipitation among various reanalysis datasets and observations warrants a need for substantial efforts in improving these datasets over this region. Furthermore, our results suggest that the increase in resolution may be a necessary but insufficient condition for improvements in the simulation of the summer monsoon over South Asia.
Summary and conclusions
